The Piezo1 protein ion channel is a novel mechanical stretch-activated ion channel (SAC) closely related to mechanical signals. Mechanotransduction plays a crucial role in organ development and homeostasis. Previous studies identified Piezo1 and demonstrated that it is distinct from other ion channels with well-established roles in lower organisms. Mechanical stretch-activated ion channels from other organisms are not conserved in mammals or do not act as mechanically activated channels in mammals. In the current study, we explored the role of the Piezo1 ion channel in human nucleus pulposus cell (NP cell) apoptosis through mechanical forceinduced mitochondrial dysfunction and endoplasmic reticulum stress. Reverse Transcription Polymerase chain reaction (RT-PCR), immunofluorescence, immunohistochemistry and Annexin V binding and propidium iodide analyses revealed that the Piezo1 protein ion channel was highly expressed in human NP cells, which are the primary cells that comprise the intervertebral disc. In patients with intervertebral disc degeneration (IVDD), the Piezo1 protein may play a crucial role in human NP cell apoptosis through mitochondrial dysfunction and endoplasmic reticulum stress under abnormal loading conditions. This study also verified that human NP cells have an intimate connection with the cytoskeleton upon treatment of the cells with the Piezo1 blocking peptide GsMTx4 from tarantula venom. In summary, Piezo1 functions in human NP cell apoptosis, which may be one underlying mechanism of apoptosis induced by abnormal loading in IVDD patients.
Introduction
The spine is the largest mechanical body part, as it bears most of our body mass while we are walking, particularly the lumbar vertebrae. The majority of intervertebral disc (IVD) degeneration cases are caused by spine instability, which is clinically related to chronic low back pain and disc herniation [1] . The primary aetiology of IVD degeneration is excessive disc cell apoptosis due to mechanical loading and ageing [2] . However, the molecular mechanisms underlying excessive apoptosis of disc cells, especially nucleus pulposus (NP) cell apoptosis, is unknown. The IVDs comprise the largest avascular hydrated tissue in the body, and they consist of two discrete parts, the inner nucleus pulposus (NP) and the outer annulus fibrosus (AF) [3] . The NP is a cartilage-like tissue composed of extracellular matrix (ECM) proteins rich in aggrecan and typeⅡcollagen. The AF is a fibrous cartilage containing typeⅠcollagen [4] . The mechanical properties of the disc allow it to support large compressive loads, which are attributed to its special components and structure.
Recently, a novel mechanically activated (MA) cation channel known as the Piezo protein was identified by Coste. B et al. [5, 6] . It is part of an evolutionarily conserved ion channel family of cationpermeable proteins involved in mechanotransduction that are closely related to the cytoskeleton. In Drosophila, the dPiezo protein acts as a mechanotransducer in mechanical nociception [7] . The hPiezo protein has been reported to play a key role in the cellular response to mechanical stimuli in human erythrocyte membranes and bladder urothelium, and mutations in the hPiezo protein are associated with anaemia, Hereditary Xerocytosis, and Distal Arthrogryposis Type 5 [8] [9] [10] [11] [12] [13] [14] . hPiezo1 and hPiezo2 have been identified as ion channels involved in mechanosensation, suggesting that they have the ability to sense mechanical signals to maintain cell volume. Because the NP is a cartilage-like tissue and NP cell apoptosis is primarily induced by abnormal mechanical loading, we hypothesized that the MA ion channel Piezo1 plays an important role in NP cell apoptosis.
The endoplasmic reticulum (ER) is an organelle with an essential role in multiple cellular processes required for cell adaptation, apop-tosis, and other cellular functions [15] . In addition to the endoplasmic reticulum, the mitochondria is an organelle related to NP cell apoptosis. Nitric oxide (NO) is closely correlated with NP cells, as NO biosynthesis is a key factor in the apoptotic response of IVD degeneration to mechanical stress. However, the role of NO in mechanically induced apoptosis of NP cells is far more complex than initially conceived. Ca 2+ overload is another lethal factor for the endoplasmic reticulum and mitochondria, which can lead to the mitochondrial respiratory dysfunction [16] and ER stress as well as NO production. The caspases comprise a class of cysteine proteases involved in apoptosis, and they convey the apoptotic signal, such as mechanical stretch and inflammation, into the proteolytic cascade, with caspases cleaving and activating other caspases that subsequently degrade cellular targets to induce apoptosis. The activating caspases include caspase-9, caspase-12 and caspase-3 [17] . Caspase-9 can be activated by cytochrome C from the chondriosome, which can activate caspase-3 and trigger apoptosis. Caspase-12 is a marker of ER stress, and it can induce apoptosis by activating apoptotic genes in the nucleus. B cell lymphoma/leukaemia-2 (Bcl-2), Bcl-associated X protein (Bax) and Bcl-2-associated death promoter (BAD) act in the apoptosis cascades and are closely related to apoptosis [18] [19] [20] [21] [22] [23] . Bcl-2 is an anti-apoptosis signalling factor, and it promotes cell proliferation and inhibits apoptosis through complex pathways [19] . BAD is an important apoptosis factor, and its homology with Bcl-2 is restricted to the BH1 and BH2 domains [20] . Bcl-xl can activate BAD to lead to cell apoptosis by suppressing the Bcl-2 family, which have similar functions to Bax.
Materials and methods

Experimental materials
Herniated IVDs of the lumbar spine were harvested from 12 patients from October 2014 to December 2015, including 7 males and 5 females with a mean age of 50 years (45-63 years) ( Table 1 ). All patients were diagnosed with IVD degeneration and had undergone spinal fusion to relieve chronic lower back pain. This study was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University. Written informed consent was obtained from all patients before enrolment.
Cell isolation and culture
The samples were harvested from herniated IVDs of the lumbar spine, briefly washed in phosphate-buffered saline (PBS) mixed with 400 U/ml Penicillin and 0.4 mg/ml Streptomycin under aseptic conditions and cut into small pieces (1 × 1 × 1 mm 3 ). The specimens were added into 0.25% trypsin (HyClone, Logan, UT, USA) and 0.2% collagenase II (MP, Biomedicals, LLC, Santa Ana, CA, USA) for 30 min and 4 h, respectively. The appropriate 10% alpha minimum essential medium (α-MEM) was then added into the mixture. The mixture was centrifuged at 1 × 10 3 rpm for 5 min, and the cells were plated in a 12.5-cm 2 Nunclon Delta Solo flask at a density of 10 5 cells/ cm 2 and cultured in a CO 2 incubator (Sanyo Electric Co., Ltd., Osaka, Japan) at 37°C in a humid atmosphere.
Immunohistochemistry
NP cells were plated in 24-well plates with glass cover slips and fixed in 4% paraformaldehyde (Hyclone, Logan, UT, USA) for 10 min, followed by permeabilization with 0.2% Triton X-100 (MP Biomedicals, Santa Ana, CA, USA) for 5 mins. The NP cells were pre-incubated for 30 min in 5% BSA to prevent non-specific antibody binding. The human typeⅡcollagen (Novus Biologicals, Littleton, CO, USA) antibody and human aggrecan antibody (Novus Biologicals, Littleton, CO, USA) were incubated with NP cells overnight at 4°C. Following incubation, the cells were incubated with AlexaFluor 488 Goat Anti-Rabbit lgG (diluted 1:2000; Invitrogen, Carlsbad, CA, USA) and then rinsed with PBS. After coloration with DAB and haematoxylin staining, the results were observed under a microscope (Olympus GX51, Olympus Corp., Tokyo, Japan).
Immunofluorescence
After mechanical stimulation for 24 h, the cells were seeded into 24-well plates with glass coverslips. After two rinses in PBS, the cells were fixed with 4% paraformaldehyde (Hyclone, Logan, UT, USA) and permeabilized with 0.2% Triton X-100 (MP Biomedicals, Santa Ana, CA, USA) for 10 min at room temperature. A solution of 5% BSA in PBS was used as a blocking solution to prevent nonspecific binding for 1 h. The coverslips were incubated with the Piezo1 primary antibody (Novus Biologicals, Littleton, CO, USA) at 4°C overnight. AlexaFluor 488 Goat Anti-Rabbit lgG (diluted 1:2000; Invitrogen, Carlsbad, CA, USA) was used as a secondary antibody. The coverslips were stained with Hoechst 33342 to visualize nuclei (Thermo Scientific, Shanghai, China). A Zeiss LSM 510 confocal microscope (Zeiss, Jena, Germany) was used to observe Piezo1 protein localization.
Application of cyclic stretch
NP cells were seeded in GM at a concentration of 3 × 10 6 cells/well on six-well collagen-coated BioFlex plates containing a flexible silicone elastomer substratum and were grown to 80% confluence under nonstretch conditions for 3-5 d. BioFlex plates were then mounted in a Flexercell Strain Unit (Flexercell International; McKeesport, PA, USA) and subjected to 20% surface elongation at a frequency of 6 cycles/min. Each cycle consisted of a 3 s stretch alternating with 3 s of relaxation regulated by a computer-controlled vacuum stretch apparatus (FX-4000T Tension Plus System; FlexCell International Corporation, USA). Cells were harvested after 2 h, 12 h, 24 h and 48 h. Control cells (0%) were cultured on similar plates and kept in the same incubator without exposure to mechanical strain.
Analysis of dead cells
An LDH detection kit (Roche Diagnostics, Indianapolis, IN, USA) was used to monitor the Lactate Dehydrogenase (LDH) activity of NP cells after 0 h, 2 h, 12 h and 48 h. A total of 100 μl medium was removed from each well, and 50 μl of 2% Triton X-100 was added to lyse the cells. The samples were incubated in the dark for 30 min at room temperature and were then analyzed by fluorescence (490 nm) using a BIO-TEK spectrofluorometer plate reader with KC4 analysis software (BioTek, USA). 2.7. Actin cytoskeleton staining after mechanical stretch force NP cells were collected after 2 h, 12 h, 24 h and 48 h of compressive stress and were seeded in 24-well plates with ibidi slides (ibidi, Martinsried, Germany) for 12 h. After three washes in PBS, NP cells were fixed with 4% paraformaldehyde (Hyclone, Logan, UT, USA) for 10 min and permeabilized with 0.2% Triton X-100 (MP Biomedicals, Santa Ana, CA, USA) for 10 min at room temperature. RhodaminePhalloidin (Life Technologies, Darmstadt, Germany) and Hoechst 33342 (Sigma-Aldrich) were then added for 30 min. A Zeiss LSM 510 confocal microscope (Zeiss, Jena, Germany) was used to visualize the actin cytoskeleton of NP cells.
RT-qPCR
Total RNAs were extracted with RNAiso kit(TaKaRa, Japan) after 2 h, 12 h, 24 h and 48 h of compressive stress, respectively. The concentration and purity of the total RNA were evaluated with a spectrophotometer. Reverse transcription-quantitative chain reaction (RT-qPCR) was performed and analyzed to assess the expression of hPiezo1, hcaspase-12, hcaspase-3, hcaspase9, eNOS, hBAD, hBcl-2, hBax, hNF-κB, hApaf-1 and hGAPDH with the SYBR Premix Ex Taq II kit(Perfect Real-Time, TaKaRa, Japan) on a FTC-3000 RT-qPCR System(Funglyn Biotech Inc, Canada) according to the manufacturer's instructions. The PCR primers(synthesized by SangonBiotech, Shanghai, China) were used to amplify the genes ( Table 1 ). The housekeeping gene GADPH levels were normalized to the threshold cycle of target genes. To evaluate hPiezo1, hcaspase-12, hcaspase-3, hcaspase-9, hNF-κB, hBAD, hBcl-2, hBax, hApaf-1 and hGAPDH expression, the relative expression was analyzed by the comparative2-△△CT method. (Table 2) 2.9. Fluo3-AM staining
The fluorescent Ca 2+ indicator Fluo3-AM was used to detect the intracellular Ca 2+ concentration; it was mixed with 44.2 μl DMSO to form 1 mM Fluo3-AM fluid. Pluronic F-127 was then added to the dye solution. The mixture was diluted to 1 μM to maintain Fluo3-AM activity. The cells were harvested from 6-well plates after 0 h, 2 h, 12 h, 24 h or 48 h. After GsMTx4 treatment, cells were then seeded onto 24-wells plate containing a glass coverslip. The coverslips were washed twice with HBSS, and the Fluo3-AM mixture was incubated for 60 min at 37°C. The cells were washed 3 times with HBSS and incubated with HBSS for 20 min at 37°C. A laser-scanning confocal microscope was used to detect the calcium transients of NP cells under different mechanical stretch forces. The results were assessed by the Image J2X software (Rawak Software, Germany), which can analyse the light intensity level of the Ca 2+ fluorochrome.
NO assays and cGMP levels in human NP cells under mechanical stretch force
NP cells were seeded in Flexcell 6-well plates and treated with mechanical stretch force for 2 h, 12 h, 24 h, or 48 h using a computercontrolled vacuum stretch apparatus (FX-4000T Tension Plus System; FlexCell International Corporation, USA). The cells were collected, and RIPA Lysis Buffer (Abcam, Cambridge, UK) was used to test the cytoplasmic NO concentrations according to the manufacturer's instructions (Beyotime, Shanghai, China). The nitrate reduction method was used to analyse the NO concentration by photometrically quantifying the stable nitrite production in the cell. cGMP levels were analyzed according to the manufacturer's instructions (Beyotime, Shanghai, China).
Mitochondrial membrane potential assay
The dual-emission potential sensitive probe 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylimidacarbocyannine iodide (JC-1) was used to measure the mitochondrial membrane potential (MMP). After treatment with mechanical stretch force for 2 h, 12 h, 24 h, or 48 h, the cells were treated with the JC-1 probe according to the manufacturer's instructions. The JC-1 was green, and the formation of red fluorescence indicated the presence of mitochondria with a lower membrane potential. A Leica TCS SP5 fluorescence microscope was used for analysis.
Cytochrome C release
Western blot analysis was used to analyse the average level of cytochrome C that had translocated from the mitochondria to the cytosol in the NP cells. After treatment with mechanical stretch force for 2 h, 12 h, 24 h, or 48 h, the cells were harvested from the Flexcell 6-well plates. A 10 nM Tris-HCl buffer (pH 8.0) plus 1 mM PMSF was used to suspend the mitochondrial fractions. Cytosolic fractions were obtained by centrifuging for 1 × 10 5 rpm at 4°C for 1 h. A Bradford protein assay kit (Beyotime, Shanghai, China) was used to measure the protein content. Briefly, the proteins were subjected to SDS-PAGE, followed by transfer to PVDF membranes. An anti-cytochrome C primary antibody was incubated at 4°C overnight. After incubation with an anti-rabbit secondary antibody, the membrane was treated with a chemiluminescence detection kit and exposed to the VILBER Fusion FX5 automatic gel imaging analysis system. Protein band signal intensities were quantified using the GS-800 Calibrated Densitometer (Leica, Heidelberg, Germany) and Bio-Rad analysis software.
Caspase-3 and -9 activities
The caspase-3 and caspase-9 assay kits(Nanjing KeyGen, Biotechnology, Co, Ltd, Nanjing, China) were used to measure the activities of the caspase-3 and caspase-9. After treated with mechanical stretch force of 2 h, 12 h, 24 h, and 48 h, the cells were harvested from the Flexcell 6-well plates, and lysed by RIPA Lysis buffer. The cell lysate was incubated with caspase-3 substrate and caspase-9 substrate at 37°C for 4 h under darkness condition. Then the microplate reader(Bio-Rad laboratories, Inc, Shanghai, China) was used to measure the absorbance of yellow formazan product at 405 nm which was cleavaged from the corresponding precursors. The caspase activity ratio was calculated using the following formula: Activity ratio = (A 405 nm for 
Morphology of apoptotic NP cells by Hoechst staining
NP cell nuclei were stained with Hoechst to observe morphological changes in the NP cells. After treatment with mechanical stretch force for 2 h, 12 h, 24 h, or 48 h, the cells were collected from the Flexcell 6-well plates using 0.25% trypsin. The NP cells were then fixed with 4% paraformaldehyde (MP Biomedicals, Santa Ana, CA, USA), and permeabilized with 0.2% Triton X-100 (MP Biomedicals, Santa Ana, CA, USA) for 10 min at room temperature. Cells were then stained with Hoechst for 10 min. A Leica TCS SP5 fluorescence microscope (Leica, Heidelberg, Germany) was used to observe nuclear fragmentation.
Analysis of apoptosis
Annexin V binding and propidium iodide staining were used to analyse human NP cell apoptosis. The cells were harvested and centrifuged after being exposed to continuous stretching for 0 h, 2 h, 12 h, 24 h or 48 h. The same conditions were applied to cells in the group treated with GsMTx4. Cells were stained with FITC-conjugated annexin V and propidium iodide (PI) according to the manufacturer's instructions for the Apoptosis Detection Kit (R & D Systems, MN, USA). Extra binding buffer was added to the control group. Flow cytometry (Epics XL; Beckman-Coulter, Kreefeld, Germany) was used to collect the data. GraphPad software (CA, USA) was used to analyse the number of cells in the early stage, in the late stage, and during total apoptosis.
Construction of the Piezo1-shRNA lentivirus vector
The designed shRNA template was cloned into a self-inactivating lentivirus that harbors a ZsGreen reporter and a PGK promoter upstream of the insertion sites. The cloned oligonucleotides can then produce in vitro shRNA namely pHBLV-U6-ZsGreen-PGK-Puro vector. The coding regions in the human Piezo1 gene was selected to design shRNAs. The designed olig sequence of the h-Piezo1 was that 5'-GCCTCAAGTACTTCATCAACT-3'. The successful construction of shRNA cassettes was determined by restriction mapping and DNA sequencing. The infectious lentivirus vectors were generated. The infectious lentivirus vectors were collected at 48 h post-transduction and subjected to centrifugation to remove cell debris. The hole-bydilution titer assay was used to determine the virus titer(~5.0 × 10 7 TU/ml)
Statistical analysis
The data were expressed as mean ± standard deviation (SD) of separate experiments. The unpaired t-test was used to value the difference between groups. Statistical significance was set at p value less than 0.05. Analysis was performed using SPSS version 13 (SPSS Inc, Chicago, IL).
Results
NP cell morphology and phenotype
Second-passage NP cells were triangular or polygonal in shape (Fig. 1.A.a.) , and they were positive for toluidine blue staining (Fig. 1.A.b) . To characterize the NP cell phenotype, we performed immunohistochemistry against Type Ⅱ collagen and aggrecan (Fig. 1.A.c. and 1.A.d.) .
NP cell morphology after stretch
We seeded second-passage NP cells in six-well collagen-coated BioFlex plates and exposed them to mechanical stretch force for 0 h, 2 h, 12 h, 24 h, or 48 h. Within 2 h, we could begin to observe apoptotic cells using an optical microscope (Fig. 1.B.c.) . The maximum number of apoptotic bodies appeared in the 24 h group. However, by 48 h, there were fewer apoptotic bodies compared to the 24 h group. Treatment with GsMTX4, The NP cells were fewer apoptotic bodies than the mechanical stretch group obviously under optical microscope (Fig. 1.B.d, B.f, B.h, B.j.) .
Cell death during stretch
The LDH of control group cells slowly increased without statistical significance (n = 3, P > 0.05, one-way ANOVA), while the LDH release in the mechanical stretch group was significantly higher than the control group (n = 3, P < 0.05, one-way ANOVA). However, the LDH level in the 48 h stretch group was lower than that of the 24 h stretch group (n = 3, P < 0.05, Student's t-test) (Fig. 1.C.) . GsMTx4 decreased the LDH levels.
Piezo1 immunofluorescence in NP cells
We performed immunofluorescence analysis to examine the expression and localization of the MA ion channel Piezo1 protein (Fig. 2.A.) . Piezo1 was expressed in human NP cells, and it localized in the cell membrane and nucleus.
Analysis of the actin cytoskeleton (CSK) after mechanical stretch force
After treatment with mechanical stretch force for 0 h, 2 h, 12 h, 24 h or 48 h, the NP cells had changed their cell architecture (Fig. 2.B.a.) . Mechanical stretch forces led to the aggregation of the actin CSK in NP cells after 2 h (Fig. 2.B.b.) . The actin CSK became thicker upon stretching over time, especially in the 24 h group (Fig. 2.B.d.) . However, the actin cytoskeleton of the 48 h group was more loose than the 24 h group (Fig. 2.B.e.) . The connection between the Piezo1 protein and the cytoskeleton is shown in Fig. 2 .C.
RT-qPCR
We examined the expression of Piezo1, encoded by the FAM38A gene. After a 2 h mechanical stretch force, Piezo1 expression did not significantly increase (n = 3, P > 0.05, Student's t-test), but its expression significantly differed in the 12 h group and 24 h group compared to the 0 h group (n = 3, P < 0.05, one-way ANOVA). However, Piezo1 expression was lower in the 48 h group compared to the 24 h group (n = 3, P < 0.05, Student's t-test). The F-actin inhibitor cytochalasin D inhibited Piezo1expression. The expression of apoptosis-related genes, such as NF-κB, BAD, Bax, Bcl-2 and eNOS, and caspase family members, such as caspase-12, caspase-9 and caspase-3, increased under mechanical stretch forces, which was closely related to NP cell apoptosis (Fig. 3.A. ).
Analysis of Ca 2+ influx under mechanical stretching
The cytoplasmic calcium increased from 2 h to 24 h in a timedependent manner, as shown by Fluo3-AM staining (Fig. 3.A.) . During the stretch period, the intensity of the Ca 2+ fluorochrome increased in a time-dependent manner. (Fig. 3 .B. and Fig. 3.C. ).
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The mitochondrial depolarization of human NP cells under mechanical stretch force
Control cells of the 0 h group stained with JC-1 predominantly emitted mitochondrial red fluorescence with minimal green fluorescence, while green fluorescence was observed in apoptotic cells. Green fluorescence significantly increased in the 24 h group (Fig. 4. A.e.), suggesting that exposure to mechanical stretch force for 24 h increased mitochondrial depolarization in a time-dependent manner. GsMTx4 could stop the process and prevent mitochondrial depolarization. The mean fluorescence intensity of JC-1 confirmed these observations (Fig. 4.B. ).
NO content in NP cells
The cytoplasmic NO content in human NP cells significantly increased under mechanical stretch force for 24 h compared to the 0 h group (n = 3, P < 0.05, one-way ANOVA) (Fig. 4.C.a.) . Cytoplasmic NO content showed a similar trend in the form of Piezo1 protein expression under mechanical stretch force. However, the NO content in the 48 h group was lower than the 24 h group (n = 3, P < 0.05, Student's t-test). The cGMP level was also increased upon exposure to mechanical stretch force and markedly increased in the 24 h group compared 0 h group (n = 3, P < 0.05, one-way ANOVA). GsMTx4 treatment decreased the NO and cGMP content (Fig. 4.C.b. ).
Cytochrome c release from mitochondria induced by mechanical force
Mechanical force induced mitochondrial membrane permeabilization, and western blot analysis was performed to examine cytochrome c release (Fig. 4.D. a. and b. ). Cytoplasmic cytochrome c was significantly higher at 12 h compared to 0 h (n = 3, P < 0.05, one-way ANOVA) and peaked at 24 h. However, cytochrome c levels were lower in the 48 h group compared to the 24 h group (n = 3, P < 0.05, Student's t-test). Cytochrome c levels in the 2 h group were slightly increased compared to 0 h, although the difference was not statistically significant (n = 3, P > 0.05, one-way ANOVA).
Analysis of caspase-9 and caspase-3 activities
We examined the downstream signal targets of cytochrome c translocation, caspase-9 and caspase-3 activation upon exposure to mechanical stretch force. Caspase-9 activity was not statistically significant in the 2 h group compared to the 0 h group (n = 3, P > 0.05, Student's t-test) (Fig. 4.E.) . However, caspase-9 levels in the 12 h group significantly increased compared to the 0 h group Caspase-9 levels, which peaked at 24 h. Caspase-3 activity showed a similar trend.
NP cell apoptosis by Hoechst staining
The nuclei of the apoptotic NP cells appeared shrunken and condensed (Fig. 5.A. ). In the 12 h and 24 h groups, the number of apoptotic NP cells was higher compared to the 0 h group, but the amount of apoptosis was lower in the 48 h group compared to the 24 h group.
NP cell apoptosis by annexin V-PI staining
We performed annexin V binding, PI staining and flow cytometry to analyse human NP cell apoptosis. The results showed a time-dependent shift in the apoptotic response to mechanical stretch (Fig. 5.B. ). The amount of apoptosis was lower after 48 h compared to 24 h. We observed a time-dependent shift in apoptosis. Treatment with GsMTx4 could block NP cell apoptosis. We used GraphPad Prism 5.0 to analyse apoptosis. The results showed that the 2 h group was characterized by early stages of apoptosis, with few cells in late apoptosis (n = 3, P > 0.05, Student's t-test) (Fig. 5.B.c.) . The highest rate of apoptosis appeared in the 24 h group (n = 3, P < 0.05, Student's t-test). Meanwhile, GsMTx4 inhibited late stage apoptosis in the 24 h group and 12 h group (n = 3, P < 0.05, Student's t-test).
3.14. The siRNA-Piezo1 expression in the NP cells
The pattern of the Piezo1-shRNAconstuction was shown as Fig. 6 .A. And the transduction efficiency in vitro virus delivery was evaluated by fluorescence microscope at 72 h after lentivirus transduction, and the robust transduction efficiency of 85% was observed at MOI of 50 (Fig. 6.B) . The expression of the Piezo1 in the lever of gene and protein were detected by the RT-PCR and Western-blotting. As shown in the Fig. 6.C.F.G. we could get the result that the siRNA group was lower than the blank group( n = 3, P < 0.05, Student's t-test). At the same Fig. 3 . A. RT-qPCR results of Piezo1, caspase-12, caspase-9, caspase-3, eNOS, Apaf-1, hNF-κB, hBcl-2, hBAD and hBax expression in human NP cells under mechanical stretch force for 0 h, 2 h, 12 h, 24 h and 48 h. GAPDH was used as a housekeeping gene for normalization. The expression of Piezo1, caspase-12, caspase-9, caspase-3, eNOS, Apaf-1, hNF-κB, hBAD and hBax increased under mechanical force in a time-dependent manner, while the anti-apoptotic gene Bcl-2 decreased. The results are presented as the means ± SD. n = 3; n.s. means P > 0.05, vs the Control group; *P < 0.05 vs the Control group; **P < 0.01, vs the Control group; one-way ANOVA. The 12 h group showed a significant increase in NO content and cGMP expression (n = 3, P < 0.05, one-way ANOVA), while the 2 h group was not significantly different from controls (n = 3, P > 0.05, one-way ANOVA). The results are presented as the means ± SD. n = 3; n.s. means P > 0.05, vs the Control group; *P < 0.05 vs the Control group; **P < 0.01, vs the Control group; one-way ANOVA. D. Cytochrome c release from mitochondria induced by mechanical force for 0 h, 2 h, 12 h, 24 h and 48 h. GsMTx4 was used in the inhibitor group. Cytochrome c release increased from the 12 h group, and it peaked in the 24 h group. Quantitative analysis is shown in B. The results are presented as the means ± SD. n =3 ; n.s. means P > 0.05, vs the Control group; *P < 0.05 vs the Control group; **P < 0.01, vs the Control group; one-way ANOVA. E. Caspase-3 and caspase-9 activation in human NP cells after applying mechanical stretch forces for 0 h, 2 h, 12 h, 24 h and 48 h measured via caspase-3 and caspase-9 activity. The results are presented as the means ± SD. n = 3; n.s. means P > 0.05, vs the Control group; *P < 0.05 vs the Control group; **P < 0.01, vs the Control group; one-way ANOVA. time, we also detected the express of the Piezo1 with the Immunofluorescence. And the result had also shown that the iRNA group was lower than the blank group( n = 3, P < 0.05, Student's ttest). Addition, we also explore the connection between the result of the Western-blotting using Spearman's correlation analysis, the result shown that the Immunofluorescence result was correlated with the result of the Western-blotting and RT-PCR (r = 0.558, P = 0.02 < 0.05; r = 0.492. P = 0.03 < 0.05). (Fig. 7) 
Discussion
This study showed that mechanical stretch force-induced mitochondrial dysfunction and endoplasmic reticulum stress triggers a mixed form of cell death involving apoptosis and necrosis through the mechanical stretch-activated ion channel Piezo1. Furthermore, the specific Piezo1 inhibitor GsMTx4 [22] reduced mechanical stretchinduced IVD degeneration and NP cell apoptosis.
Previous studies showed that the novel stretch-activated ion channel-Piezo1 protein is broadly expressed in mammals [23] . However, there have not been previous results concerning Piezo1 protein expression in human NP cells, and the underlying mechanism of NP cell apoptosis under abnormal mechanical stress is still unknown. In this article, we explored the function of the MA ion channel Piezo1 through mitochondrial dysfunction and the endoplasmic reticulum stress signal pathway.
It has been suggested that Piezo1 protein activation is related to the actin cytoskeleton (CSK) in mouse chondrocytes [24] . However, there has not been direct evidence demonstrating the relationship between the Piezo1 protein and the actin CSK. In this article, we observed dynamic changes in the actin CSK of NP cells that was closely related to the biomechanical environment. Furthermore, we performed RT-qPCR to detect the quantitative relationship between the actin CSK and Piezo1, and we found that treatment with cytochalasin D reduced Piezo1 protein expression. Therefore, changes in the actin CSK can induce the opening of the Piezo1 protein.
Previous studies have suggested that excessive IVD cell apoptosis was the primary cause of IVD degeneration (IVDD), especially NP cell apoptosis [24] [25] [26] [27] . NP cell apoptosis was mediated by the mitochondrial pathway under static compression in a rat disc degeneration model [28] . In this study, we detected cytoplasmic cytochrome C, a marker of mitochondrial dysfunction. Cytochrome C release in the cytoplasm of NP cells after 2 h mechanical stretch force was higher X.-f. Li et al. Experimental Cell Research 358 (2017) [377] [378] [379] [380] [381] [382] [383] [384] [385] [386] [387] [388] [389] than the control group, and the levels peaked in the 24 h group. However, cytoplasmic cytochrome C levels in the 48 h group were lower than the 24 h group. GsMTx4 could decrease cytosolic cytochrome C release. Caspase-9, which is a specific marker of mitochondrial pathway involvement, was activated by cytochrome C and activated caspase-3 expression, which is closely related to apoptosis. The endoplasmic reticulum (ER) stress pathway is another important factor in the apoptotic process. ER stress can activate the caspase family of proteins, especially caspase 12, a murine protein associated with the ER membrane. However, it is controversial whether caspase 12 plays an important role in human ER stress-induced apoptosis [29] [30] [31] . The results of this study confirmed that ER stress can activate caspase 12, inducing human NP cell apoptosis in IVDD patients. We also found that Piezo1 induced NP cell apoptosis through the ER stress pathway. In this way, the Piezo1 protein may serve as a potential therapeutic target for inhibiting NP cell apoptosis. A specific Piezo1 inhibitor may be useful for the treatment of IVDD.
Previous reports found that the divalent Ca 2+ ion was the primary influx ion that travels through human Piezo1 channels [32] . It has also been shown that Ca 2+ can activate ER stress and mitochondrial dysfunction [33, 34] . In this study, we found that the level of calcium load in the NP cell cytoplasm increased with the amount of apoptosis, as the level of calcium in the 24 h group was higher than that in the 0 h group (n = 3, P < 0.05, one-way ANOVA). It is meaningful to speculate that Ca 2+ may act as a second messenger by activating mitochondrial dysfunction and ER stress to transport the mechanical information through the Piezo1 protein.
In this study, we monitored the expression of Piezo1 and apoptosisassociated genes, including Bcl-2, NF-κB, Bax, and BAD, by RT-qPCR upon mechanically induced NP cell apoptosis. The apoptotic rate and the expression of Piezo1, caspase 9, caspase 12, caspase 3, NF-κB, Bax, and BAD were lower in the 48 h group compared to the 24 h group. However, the expression of the anti-apoptosis and cell proliferation gene Bcl-2 [35] was higher in the 48 h group compared to the 24 h group (n = 3, P < 0.05, Student's t-test), indicating that the appropriate mechanical stretch increased Bcl-2 expression at 48 h, which may be helpful for cell proliferation. Nevertheless, the exact mechanism of these findings is still unclear. We also found that Piezo1 expression and NP cell apoptosis in the 24 h group were higher than that in the 0 h group, indicated that Piezo1 played an important role in mechanically induced NP cell apoptosis, and it may serve as a potential target in the treatment of IVDD.
In this article, we explored the cross-talk between the mitochondria pathway and the ER stress pathway. We found that NP cell apoptosis was induced by mechanical stretch force through mitochondrial dysfunction and endoplasmic reticulum stress, which acted as the downstream signal molecule of the mechanical activated ion channel Piezo1 protein.
